Semicarbazide-sensitive amine oxidase (SSAO, amine oxidase, copper-containing 3, and vascular adhesion protein-1) is a copper-containing enzyme that catalyzes the oxidative deamination of primary amines to an aldehyde, ammonia, and hydrogen peroxide. SSAO is also involved in leukocyte migration to sites of inflammation, and the enzymatic activity of SSAO is essential to this role. Thus, inhibition of SSAO enzyme activity represents a target for the development of small molecule anti-inflammatory compounds. Here, we have characterized the novel SSAO inhibitor, Z-3-fluoro-2-(4-methoxybenzyl)allylamine hydrochloride (LJP 1586), and assessed its anti-inflammatory activity. LJP 1586 is a potent inhibitor of rodent and human SSAO activity, with IC 50 values between 4 and 43 nM. The selectivity of LJP 1586 was confirmed with a broad panel of receptors and enzymes that included the monoamine oxidases A and B. Oral administration of LJP 1586 resulted in complete inhibition of rat lung SSAO, with an ED 50 between 0.1 and 1 mg/kg, and a pharmacodynamic half-life of greater than 24 h. In a mouse model of inflammatory leukocyte trafficking oral dosing with LJP 1586 resulted in significant dose-dependent inhibition of neutrophil accumulation, with an effect comparable to that of anti-leukocyte function-associated antigen-1 antibody. In a rat model of LPS-induced lung inflammation, administration of 10 mg/kg LJP 1586 resulted in a 55% significant reduction in transmigrated cells recovered by bronchoalveolar lavage. The results demonstrate that a selective, orally active small molecule inhibitor of SSAO is an effective anti-inflammatory compound in vivo and provide further support for SSAO as a therapeutic anti-inflammatory target.
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Semicarbazide-sensitive amine oxidase [SSAO, AOC3, and vascular adhesion protein-1 (VAP-1)] is a copper-and topaquinone (TPQ) cofactor-containing enzyme that performs the oxidative deamination of primary amines. Endogenous substrates for SSAO include methylamine, formed from adrenaline and creatine metabolism, and aminoacetone, a product of amino acid catabolism. The active enzyme is a dimer and exists as both a type II transmembrane protein and in soluble form in plasma (for reviews see Boomsma et al., 2003; Yu et al., 2003 , Matyus et al., 2004 O'Sullivan et al., 2004) . Experiments with genetically modified mice have demonstrated that the transmembrane form is the sole source of circulating plasma SSAO (Stolen et al., 2004) . Cell surface SSAO is present at low levels on several tissues and is abundant on vascular smooth muscle cells and adipose tissue, where it is involved in regulating glucose uptake (Enrique-Tarancon et al., 1998; El Hadri et al., 2002) .
SSAO plays a key role in inflammation by at least two mechanisms. First, the soluble products are highly reactive and include hydrogen peroxide and reactive aldehydes, including formaldehyde when the substrate is methylamine. Plasma SSAO concentration is increased in several inflammatory diseases, including congestive heart failure, inflam-matory liver disease, and diabetes (O'Sullivan et al., 2004) , where plasma concentrations of SSAO have been directly correlated with the degree of diabetic retinopathy (GronvallNordquist et al., 2001) . The vascular damage that accompanies these diseases is thought to result in part from protein cross-linking and oxidative stress mediated by the soluble SSAO reaction products (Yu et al., 2003) .
SSAO also plays a role in the transmigration of leukocytes out of the bloodstream into sites of tissue inflammation. An understanding of this role began when the endothelial cell surface protein VAP-1 was cloned and found to be identical to the transmembrane form of SSAO (Salmi and Jalkanen, 1992; Smith et al., 1998) . SSAO is expressed at low levels on resting endothelium but is up-regulated in response to inflammatory stimuli (Salmi et al., 1993; Jaakkola et al., 2000) . In vitro and in vivo studies have shown that endothelial SSAO participates at several points in the multistep adhesion cascade that regulates transmigration (Koskinen et al., 2004; Stolen et al., 2005; Jalkanen et al., 2007) . Anti-SSAO antibody-mediated inhibition of leukocyte transmigration has demonstrated beneficial effects in rodent models of liver allograft rejection (Martelius et al., 2004) , diabetes, and peritonitis (Merinen et al., 2005) . In addition, mice in which the SSAO gene has been deleted display mild alterations in lymphocyte homing but have a marked reduction in leukocyte migration in response to inflammatory challenge in induced models of peritonitis and autoimmune diabetes (Stolen et al., 2005) .
Experiments with enzymatically inactive SSAO-transfected endothelial cells and with inhibitors of SSAO enzyme activity have shown that the adhesive function of SSAO is critically dependent on the amine oxidase activity (Koskinen et al., 2004) . Thus, the interdependence of the adhesive and enzymatic functions of SSAO provides the opportunity to develop small molecule enzyme inhibitors where the antiinflammatory effects potentially result both from blocking leukocyte migration and by reducing the production of reactive soluble products.
Although small molecule SSAO enzyme inhibitors have shown clinical efficacy in several animal models of inflammation, most of the known SSAO enzyme inhibitors exhibit a lack of selectivity with respect to other copper-containing amine oxidases and the FAD-dependent monoamine oxidases, or they contain highly reactive structural elements (Matyus et al., 2004) . Indeed, some of these molecules were initially developed as inhibitors of monoamine oxidases and were determined later to additionally be potent inhibitors of SSAO activity (Lyles et al., 1987) . In previous work, we described a potent and selective inhibitor of SSAO, LJP 1207, that displayed anti-inflammatory activity in proof-of-concept rodent models of stroke, colitis, LPS-induced endotoxemia, and multiple sclerosis (Salter-Cid et al., 2005; Wang et al., 2006; Xu et al., 2006; O'Rourke et al., 2007) . However, LJP 1207 is a hydrazine derivative, and this class of compounds has potential for toxicity upon prolonged administration.
We have now developed several series of orally active, mechanism-based SSAO inhibitors that are both potent and selective. Here we report results for one of these compounds, LJP 1586, which was evaluated for in vitro potency with tissue-derived and recombinant amine oxidases, and for specificity against a panel of enzymes and receptors. In vivo, LJP 1586 is shown to be orally active and exhibits a sustained pharmacodynamic effect. In addition, the anti-inflammatory activity of LJP 1586 is confirmed in two rodent models of inflammation.
Materials and Methods
Animals. Animals were purchased from the sources indicated below, and maintained at a contract vivarium facility (Perry Scientific, San Diego, CA). All protocols were approved by the Institutional Animal Care and Use Committee and conformed to United States Department of Agriculture requirements. Age-, weight-, and sexmatched animals were used throughout and were allowed food and water ad libitum.
Preparation of Tissue Homogenates. Lungs from 6-week-old female Sprague-Dawley rats (Harlan, Indianapolis, IN) and aortas from 6 to 8-week-old BALB/c mice (Jackson Laboratories, Bar Harbor, ME) were surgically removed and weighed. Tissues were homogenized in ice-cold 10 mM potassium phosphate buffer, pH 7.8, at 1:20 (w/v), and the homogenate was then centrifuged at 10,000g for 10 min at 4°C. The supernatants were stored at Ϫ70°C until assayed. Frozen human umbilical cords (UC) were obtained from Lake Arrowhead Lab Consultants (Lake Arrowhead, CA). Cords were thawed in 10 mM potassium phosphate buffer, pH 7.8, and the umbilical arteries excised and weighed. The arteries were washed in buffer and then homogenized and stored as described above. Recombinant human SSAO expressed in Chinese hamster ovary (CHO) cells was assayed in clarified 1% Nonidet P-40-containing cell lysates.
Radiochemical Assay of SSAO Activity. SSAO activity in 100-l aliquots of tissue homogenates was determined by a radiochemical method using 20 M [ 14 C]benzylamine as substrate, as described previously (Fowler and Tipton, 1981; Salter-Cid et al., 2005) . In brief, the reaction was carried out for 30 min at 37°C in 100 mM potassium phosphate buffer, pH 7.2, and stopped with 2 M citric acid. The [ 14 C]benzaldehyde product was extracted into toluene/ ethyl acetate (1:1 v/v) containing 0.6% (w/v) 2,5-diphenyloxazole and subjected to liquid scintillation counting. All assays were preincubated for 20 min at room temperature with 1 M each of the MAO-A and MAO-B inhibitors, clorgyline and pargyline. Where present, LJP 1586 was added for an additional 30 min at room temperature. Background count per minute were obtained from assays performed in the presence of 1 M each of pargyline and clorgyline and the SSAO inhibitor semicarbazide (1 mM). IC 50 values were calculated from multipoint dose-response curves using Prism software (GraphPad Software Inc., San Diego, CA).
Cloning and Expression of Human SSAO and Diamine Oxidase. Human SSAO expressed in CHO cells was produced as described previously (Salter-Cid et al., 2005) . The DNA sequence for diamine oxidase (DAO, AOC1, E.C. 1.4.3.6; NM-001091) was synthetically produced by Genscript Corporation (Piscataway, NJ). A codon-optimized DAO sequence was subcloned into the mammalian expression vector pcDNA5/FRT. CHO cells with a stable genomeintegrated FLP recombination site allow Frt recombinase-mediated integration into a stable transcriptionally active site in the genome. The pcDNA5/FRT containing DAO was cotransfected using FuGENE 6 with pOG44, a vector that encodes the Frt recombinase. Cells were cultured in medium containing 0.5 mg/ml hygromycin, and samples of medium from transformed cells were screened for enzymatic activity using putrescine as the assay substrate as described below. Positive expression clones were expanded; the serum-free media were collected and used directly as a source of diamine oxidase for enzyme analysis.
Fluorometric Assay of Diamine Oxidase. Expressed diamine oxidase activity was measured in transfected CHO media using an Amplex Red monoamine oxidase kit (Invitrogen, Carlsbad, CA) as described, with the exception that putrescine was used as the substrate in place of benzylamine or tyramine. The DAO inhibitor aminoguanidine was used as a positive control inhibitor for these assays and had an IC 50 of 10 nM.
Colorimetric Assay of Monoamine Oxidases. Recombinant human monoamine oxidase-A and monoamine oxidase-B were obtained from BD Biosciences (San Jose, CA), and enzyme activity was measured using a coupled colorimetric method that detects released H 2 O 2 , as described previously (Salter-Cid et al., 2005) .
Enzyme and Receptor Screen. Enzyme assays and ligand binding assays were performed using human recombinant proteins or isolated rodent proteins. Assays were performed by a contract research organization (Cerep, Redmond, WA) .
Determination of Rat ED 50 . Groups of five Sprague-Dawley rats were orally administered LJP 1586 at 0.1, 1, or 10 mg/kg, or an equal volume of PBS vehicle. At various times between 1 and 72 h later, the animals were sacrificed, and the lungs were excised. The lungs were weighed and then immediately processed for radiochemical SSAO assays, as described above. The results are expressed as the percentage inhibition of enzyme activity in lung extracts from LJP 1586-dosed rats, compared to control, PBS-dosed animals.
Air-Pouch Leukocyte Trafficking. Female C57BL/6 mice were used at ages 10 to 12 weeks, and were obtained from Charles River Laboratories (Wilmington, MA). Mice were injected with 2 ml of filtered air on the upper back. Twenty-four hours later, the air pouches were injected with 0.5 ml of a solution of 1% carrageenan (Type IV Lambda; Sigma, St. Louis, MO) in RPMI 1640 medium (Invitrogen) or with medium alone. On day 2, cells were harvested from the pouch by two cycles of lavage with RPMI 1640 medium containing 10% fetal bovine serum, 5 mM EDTA, and 5 U/ml heparin. Cells were then counted, and in some experiments, samples were cytospun and stained with Wright-Giemsa to identify leukocyte subsets.
LPS-Induced Lung Inflammation. A solution of 100 g/ml LPS (E. coli 0111:B4; Sigma) in PBS was prepared and loaded into an Omron Microair nebulizer (Omron Healthcare, Bannockburn, IL). The nebulizer was attached to an acrylic chamber, female SpragueDawley rats aged 6 to 10 weeks were then placed in the chamber, and the nebulizer was started. Rats were exposed to nebulized LPS for a total of 30 min, inclusive of chamber charge and evacuation periods. Experimental time 0 was set as the time the animals were removed from the chamber. Animals were then returned to their cages for the duration of the experiment. At the appropriate time, rats were sacrificed, the lungs were excised, and bronchoalveolar lavage (BAL) fluid was collected after three cycles of lavage, each with 3 ml of PBS. The BAL fluid from the three cycles was combined, and total harvested cells were enumerated. In some experiments, samples were cytospun and stained to identify leukocytes.
Pharmacokinetics. PK studies were performed by a contract research organization (Cerep). Three cannulated Charles River Laboratories/CD rats weighing 180 to 250 g were administered LJP 1586 orally with 5 mg/kg or intravenously with 1 mg/kg. At various times between 5 min and 24 h, 200 to 300-l blood samples were collected through a jugular catheter. Plasma was prepared and kept frozen until analyzed for detection of LJP 1586 by high-performance liquid chromatography-mass spectrometry/mass spectrometry. Plots of plasma concentration of LJP 1586 versus time were constructed, and basic pharmacokinetic parameters were estimated by noncompartmental analysis using WinNonlin software (Pharsight, Mountain View, CA).
Results
Potency and Specificity of LJP 1586. LJP 1586 was identified in an effort to develop mechanism-based small molecule inhibitors of human SSAO that were both potent and selective (Fig. 1A) . The TPQ-dependent reaction catalyzed by SSAO is shown in Fig. 1B and involves reductive and oxidative halfreactions. During the reaction, the primary amine interacts with the TPQ to produce a substrate Schiff base, which is converted to the product Schiff base followed by hydrolysis to the product aldehyde. Subsequently, the TPQ is reoxidized by Z-3-fluoro-2-(4-methoxybenzyl) Downloaded from molecular oxygen in the presence of copper to produce hydrogen peroxide and ammonia (Klinman, 2003) . The inhibitory activity of LJP 1586 was determined in vitro using [
14 C]benzylamine as substrate and tissue or cell homogenates as sources of SSAO. LJP 1586 was shown to be a potent inhibitor of SSAO, with IC 50 values ranging from 4 nM for enzyme from mouse aorta to 43 nM for recombinant human SSAO stably expressed in CHO cells (Table 1) .
LJP 1586 displayed good specificity for inhibition of SSAO over both copper-dependent DAO and the FAD-dependent monoamine oxidases, as well as a panel of additional enzymes (Tables 1 and 2 ). Using the IC 50 calculated from human umbilical cord enzyme, the specificity of LJP 1586 relative to human recombinant MAO-A and DAO is greater than 3500-fold, whereas that for MAO-B is 82-fold.
To evaluate further the specificity of LJP 1586, the compound was tested in activity assays in vitro against 38 additional enzymes derived from several distinct classes. This screen included multiple enzymes involved in inflammation as well as representatives from various enzyme families. In all cases, inhibition of enzyme activity by 10 M LJP 1586 was less than or equal to 20%. For the COX-1 and COX-2 enzymes, inhibition was less than 10% (Table 2 ). In addition to the enzyme panel, LJP 1586 was tested for its ability to inhibit specific ligand binding in vitro by a panel of 75 receptors. As shown in Table 2 , this panel included nonpeptide and peptide receptors, ion channels, and amine transporters. LJP 1586 at 10 M was found to inhibit less than 35% ligand binding to all receptors, with the exception of dopamine, norepinephrine, and serotonin transporters, which were inhibited by 38, 68, and 47%, respectively. In these assays, 50% inhibition at 10 M LJP 1586 corresponds to a specificity for inhibition of SSAO activity of Ͼ370-fold over inhibition of amine transporter ligand binding. The inhibition observed with the transporters was not a global effect on the dopaminergic, adrenergic, or serotonergic families of receptors, because LJP 1586 at a concentration of 10 M was inhibited by less than 35% ligand binding by four adrenergic, five dopamine, and eight serotonin receptors.
Pharmacokinetics and Pharmacodynamics of LJP 1586 in Rats. Pharmacokinetic parameters for LJP 1586 were measured following administration via both oral and intravenous routes (Table 3) . For both routes, the elimination half-life of the compound was less than 2 h, with a clearance after i.v. and oral dosing of 77 and 540 ml/min/kg, respectively. The maximal serum concentration of LJP 1586 after p.o. dosing at 5 mg/kg was 85 ng/ml, which corresponds to a concentration of approximately 400 nM. Linear extrapolation of the 5 mg/kg p.o. PK data to the range of doses used in efficacy studies predicts peak plasma levels between ϳ7.5 nM at 0.1 mg/kg and 750 nM at 10 mg/kg p.o. These data indicate that the peak concentrations of LJP 1586 attained in the circulation approximately 30 min after oral dosing would provide full inhibition of enzyme activity while minimizing off-target activity.
By comparison of the area under the curve after p.o. and i.v. dosing, the oral bioavailability of LJP 1586 in rats was estimated at 15%. Although low, the pharmacodynamic data discussed below suggest that low oral bioavailability does not represent a hurdle to effective target inhibition in vivo in the species tested.
To determine the extent to which orally dosed LJP 1586 inhibited the in vivo activity of SSAO, enzyme assays were performed on ex vivo rat lung tissue samples taken at various times after in vivo administration of LJP 1586. The choice of doses used for this study was guided by the estimated peak plasma concentrations extrapolated from the pharmacokinetic data outlined above. From the in vitro potency for rat enzyme and the PK parameters discussed above, 0.1, 1, and 10 mg/kg doses were chosen for these experiments.
LJP 1586 and PBS vehicle were administered p.o. to rats, which were then sacrificed at various time points after dosing. Lungs were excised, and SSAO activity was determined in the lung homogenates. Figure 2 shows the results of an experiment in which SSAO activity was followed for up to 72 h after administration of LJP 1586. SSAO activity in the lungs of animals administered 0.1 mg/kg LJP 1586 was reduced at 3 and 6 h by ϳ35%, compared with activity in lungs of animals administered PBS, and enzyme activity then returned over the next 64 h. As expected from the potency of LJP 1586 in vitro and from the in vivo PK data, single doses of 1 and 10 mg/kg LJP 1586 resulted in virtually complete inhibition of lung SSAO activity. This level of inhibition was apparent at 3 h after dosing, which was the earliest time examined, and then inhibition decreased until approximately 50% of enzyme activity was recovered at 72 h (Fig. 2) . These data show that the inhibition of SSAO activity in rat lungs after a single oral dose of LJP 1586 was both rapid and sustained and resulted in an ED 50 for enzyme inhibition between 0.1 and 1 mg/kg.
The degree of inhibition of rat lung SSAO activity by LJP 1586 observed in these experiments is consistent with the extrapolated peak plasma concentrations estimated after oral administration of 0.1 and 1 mg/kg LJP 1586. Thus, following these doses, the peak plasma concentration would span a concentration range that encompasses the in vitro IC 50 for inhibition of rat lung SSAO by LJP 1586. Although mouse lung contains little SSAO activity compared with that detected in rat or human lungs (Andres et al., 2001) , mouse aorta contains abundant SSAO activity. SSAO activity in mouse aorta homogenates was measured ex vivo after orally administering the same doses of LJP 1586 as used in the above experiments. Similar to the data reported above for rat lung, the ED 50 for LJP 1586 inhibition of mouse aorta SSAO was between 0.1 and 1 mg/kg (data not shown).
In these in vivo experiments, approximately 50% of lung SSAO activity was recovered 72 h after a single administration of LJP 1586. This finding suggests that once inhibited, recovery of tissue enzyme activity requires either the release of bound compound from the enzyme, expression of newly synthesized protein, or both. The results of preliminary experiments to address this question indicate that the reversibility of SSAO inhibition by LJP 1586 is low, suggesting that the observed recovery of SSAO activity in vivo (Fig. 2) primarily reflects a slow turnover of enzyme protein rather than removal of bound inhibitor.
LJP 1586 Inhibition of Acute Inflammation. There is now considerable evidence that SSAO activity contributes to the recruitment of leukocytes to sites of inflammation in vivo. To determine whether leukocyte trafficking and inflammation in vivo could be inhibited by LJP 1586, we employed a mouse air pouch model that allows direct enumeration of cellular infiltrates (Sedgwick et al., 1983) . In this model, injection of carrageenan into subcutaneous air pouches elicits a localized inflammatory response that includes production of proinflammatory cytokines by resident cells and subsequent recruitment of leukocytes (Garcia-Ramallo et al., 2002). In the experiments described here, infiltrating cells were harvested by lavage of air pouches 24 h after injection of carrageenan. Air pouches that had been injected with medium in place of carrageenan were found to contain less than 3 ϫ 10 5 cells in the lavage fluid. By contrast, injection of carrageenan induced an influx of cells that was detectable by 4 h and reached a plateau between 16 and 24 h. At the peak of response, carrageenan stimulated a 10 to 30-fold increase in cells in the lavage fluid. Approximately 95% of infiltrating cells were identified as granulocytes by cytospin and staining (data not shown).
To determine the effect of SSAO inhibition on cell trafficking into the inflamed pouches, animals were dosed with 10 mg/kg LJP 1586 1 h before injection of carrageenan into the pouches. Given that the oral bioavailability of LJP 1586 may differ between mice and rats, we initially compared the ef- jpet.aspetjournals.org fects of administering LJP 1586 either orally or intraperitoneally. A control group received an equivalent oral dose of PBS. LFA-1 (CD11a/CD18) plays a well characterized role in the transmigration process by which leukocytes move from blood into tissue sites of inflammation (Luster et al., 2005) . For this reason, we used anti-LFA-1 antibody as a positive control treatment with which to compare the effect of LJP 1586 on migration. Either anti-LFA-1 or an isotype control monoclonal antibody at 100 g per animal were injected intravenously to additional groups of mice, also 1 h before eliciting inflammation in the air pouch. Figure 3A shows the results of a representative experiment. Twenty-four hours after carrageenan injection, animals that were dosed with the vehicle PBS had approximately 6 ϫ 10 6 granulocytes in their pouches. By contrast, pouches from animals administered LJP 1586 had a marked reduction in cell accumulation, with 41 and 57% decrease after oral or i.p. administration, respectively, thus demonstrating good oral bioavailability of LJP 1586 in mice. The number of cells harvested from pouches of animals treated with an isotype control antibody was not significantly different from that seen after PBS treatment. However, treatment of animals with the anti-LFA-1 antibody effectively reduced the cellular infiltrate by 62% (Fig. 3A) .
Based on the doses of LJP 1586 required to give 100% inhibition of SSAO in vivo, we expected doses between 1 and 10 mg/kg to yield a therapeutic effect on the inflammatory response. In an additional experiment, we determined the dose-dependent effect of orally administered 1 or 10 mg/kg LJP 1586 on leukocyte trafficking when administration of LJP 1586 was delayed for 4 h after carrageenan injection, rather than when administered prophylactically. As shown in Fig. 3B , the inhibition of leukocyte accumulation by LJP 1586 was both statistically significant and dose-dependent, with 46% inhibition of cell trafficking by 1 mg/kg and 65% inhibition by 10 mg/kg LJP 1586. As had been seen previously, the inhibitory effect of 10 mg/kg orally administered LJP 1586 was in the same range as that observed in response to i.v. treatment with anti-LFA-1 antibody.
Thus, the data presented in Fig. 3 demonstrate that orally administered LJP 1586 can effectively inhibit leukocyte trafficking in a mouse model of inflammation and does so when dosing is delayed until after the inflammatory response is under way.
LJP 1586 Effect on LPS-Induced Lung Inflammation.
A characteristic of several types of lung inflammation in humans is the accumulation of leukocytes in the airway, where they contribute to both acute and chronic lung injury in acute respiratory distress syndrome and chronic obstructive pulmonary disease (Barnes, 2004; Reutershan and Ley, 2004) . Leukocyte transmigration into the bronchial airspace of the lung is complex and requires migration across the vasculature, interstitial tissue, and the airway epithelia (Reutershan and Ley, 2004) . Given that LJP 1586 effectively inhibited recruitment of granulocytes to inflamed air pouches, we wished to assess further its anti-inflammatory activity in a clinically relevant rat model of acute inflammatory lung disease (van Helden et al., 1997) .
Awake, freely moving rats were exposed to nebulized LPS. At various times after exposure, animals were sacrificed, lungs were removed, and transmigrated cells were collected by bronchoalveolar lavage. Lungs from animals exposed to the PBS vehicle contained less than 10 6 cells, the majority of which were identified as alveolar macrophages by cytospin and staining (data not shown). By contrast, inhalation of a defined concentration of LPS resulted in the marked accumulation of leukocytes in BAL fluid (Fig. 4A) . These cells consisted of approximately 90% granulocytes, and the increase in cell number could first be detected within 1 to 2 h of LPS inhalation, increasing over the next 5 h. By 24 h, the number of cells present in BAL fluid returned to resting levels and again predominantly consisted of macrophages.
To determine the effect of SSAO inhibition on cell recruitment to lungs, PBS or LJP 1586 was given orally to groups of rats 30 min before exposure of animals to LPS. In the experiment shown in Fig. 4B , animals dosed with PBS before exposure to LPS accumulated ϳ4 ϫ 10 6 cells in their lungs, and this number was not significantly affected when animals were administered 0.1 mg/kg LJP 1586 (Fig. 4B) . However, Fig. 3 . Inhibition of leukocyte trafficking by LJP 1586. A, air pouches were introduced onto the backs of mice, and 24 h later, animals were dosed either p.o., i.p., or i.v. with the indicated treatment. One hour later, 0.5 ml of 1% carrageenan was injected into the pouches, and 24 h later, cells were collected from the pouch by lavage. Total cell counts are the mean Ϯ S.E.M. of eight mice per group. ‫,ءء‬ P Ͻ 0.01 by one-way ANOVA followed by Dunnett's test for multiple comparisons. For B, air pouches were introduced, and 24 h later, 0.5 ml of 1% carrageenan was injected into the pouches. Four hours later, animals were dosed orally with PBS or LJP 1586 or intravenously with monoclonal antibody. Sixteen hours later, cells were removed from pouches by lavage. The results are mean Ϯ S.E.M. of groups of eight mice. ‫,ءء‬ P Ͻ 0.01 by one-way ANOVA followed by Dunnett's test for multiple comparisons. LJP 1586 treatment at 1 and 10 mg/kg caused a dose-dependent decrease in the cellular infiltrate into LPS-stimulated lungs (Fig. 4B) . These doses resulted in a 37 and 55% reduction in the number of cells, respectively. The suppression of cell influx into lungs caused by 10 mg/kg LJP 1586 was statistically significant, as was the 72% reduction observed after administration of the positive control treatment of 3 mg/kg dexamethasone (Fig. 4B) . In another experiment, we found that LJP 1586 inhibited, by 41 Ϯ 8%, the accumulation of cells measured at 6 h after inhalation of LPS, and inhalation of LPS did not affect the ED 50 for LJP 1586 inhibition of lung SSAO activity (data not shown).
Collectively, the data discussed here demonstrate that the novel compound LJP 1586 is a potent, specific, and orally available inhibitor of SSAO activity. Moreover, it effectively inhibits leukocyte transmigration and inflammation in vivo in two rodent models.
Discussion
The movement of leukocytes out of the bloodstream into sites of inflammation is a coordinated multistep process involving both soluble mediators and cell surface receptors (Luster et al., 2005) . SSAO expressed on inflamed vascular endothelium has been shown in vitro and in vivo to play a key role in this process, and there is evidence suggesting that SSAO contributes to leukocyte-endothelium interactions at the rolling, firm adhesion, and diapedesis steps (Koskinen et al., 2004; Stolen et al., 2005) . The involvement of SSAO at multiple points in transmigration is one of several observations that support the notion that SSAO represents an important target for development of potential anti-inflammatory therapeutics.
Expression of vascular SSAO is normally low on endothelial cells but is up-regulated in response to inflammatory stimuli; however, SSAO is not expressed on leukocytes (Salmi et al., 1993; unpublished observations) . These observations suggest that inhibition of SSAO should not interfere with normal immune surveillance but instead have most impact on leukocyte recruitment during inflammation. Indeed, SSAO knockout mice show a mild defect in homing to mesenteric lymph nodes and spleen but mount normal immune responses to both T-dependent and -independent antigens (Stolen et al., 2005) . The ability of these animals to maintain normal immunity in the absence of detectable SSAO may have important implications for the safety of this specific antiadhesion approach, because antiadhesion therapies that target leukocytes have been implicated in rare cases of fatal progressive multifocal leukoencephalopathy thought to be a result of impaired immune surveillance (LangerGould et al., 2005) .
Although it is not yet known whether there exists a specific leukocyte ligand for SSAO, it is clear that the enzymatic activity is essential for SSAO-mediated leukocyte adhesion to endothelial cells (Koskinen et al., 2004) . Antibodies to SSAO that sterically block adhesion but do not interfere with enzyme activity have been shown to be beneficial in animal models of acute and chronic inflammation (Merinen et al., 2005) . However, there are clear advantages to the development of inhibitors that block SSAO enzyme activity. Small molecule therapeutics avoid the requirement for nonparenteral administration of antibodies and reduce the potential for mounting a neutralizing immune response that may preclude treatment of chronic diseases. In addition, enzyme inhibitors prevent the formation of the soluble SSAO reaction products that themselves contribute to tissue damage. In this regard, hydrogen peroxide in particular has notable proinflammatory effects and, together with formaldehyde, contributes to the vasculopathy associated with a number of inflammatory diseases (Yu et al., 2003) . Thus, inhibitors of SSAO enzyme activity have the potential to affect diseases in which tissue damage is mediated by soluble products of the reaction, in addition to leukocyte infiltration.
Several compounds that inhibit SSAO activity have been described previously, but in general, they were developed as MAO inhibitors and exhibit cross-reactivity on other amine oxidases or are structurally unsuitable for use as human therapeutics (Matyus et al., 2004) . In the present study, we have characterized LJP 1586, a small molecule inhibitor of SSAO/VAP-1 that is potent, selective, and orally active and that has demonstrated a good therapeutic window in adsorption, distribution, metabolism, excretion and toxicological studies performed to date.
The observed IC 50 for in vitro inhibition of SSAO by LJP A, groups of rats were exposed to nebulized LPS or PBS for 30 min. At the indicated times animals were sacrificed, lungs were excised, BAL fluid was collected, and cells were enumerated. The results are the mean Ϯ S.E.M. of groups of four animals. B, in a separate experiment, animals were orally administered PBS or the indicated doses of LJP 1586 or dexamethasone. They were then exposed to nebulized LPS for 30 min, and 3 h later, animals were sacrificed, lungs were excised, BAL fluid was collected, and cells were counted. Results are mean Ϯ S.E.M. of groups of four rats. ‫,ء‬ P Ͻ 0.05, ‫,ءء‬ P Ͻ 0.01 by one-way ANOVA followed by Dunnett's test for multiple comparisons.
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1586 varied with the source of enzyme, with the IC 50 for rodent enzymes generally less than that for human tissues. This result has consistently been noted with our SSAO inhibitors from several distinct chemical series and thus may reflect species-specific sequence differences at the enzyme active site or cell-and tissue-specific alterations in SSAO glycosylation patterns. Consistent with this possibility, modification of SSAO glycosylation has been shown to directly influence the enzymatic activity, as well as the ability of SSAO to support leukocyte adhesion (Maula et al., 2005) . The specificity of LJP 1586 for inhibition of SSAO was demonstrated against a large panel of receptors and enzymes. It is important to note that no significant inhibition of COX-1 and COX-2 activity was observed, demonstrating that inhibition of these enzymes is unlikely to contribute to the anti-inflammatory activity of LJP 1586. The selectivity for SSAO versus the related copper-containing enzyme DAO (AOC1) and the FAD-containing MAO-A was greater than 3500-fold. Whereas the specificity against MAO-B and the amine transporters is lower, linear extrapolation of the pharmacokinetic data of LJP 1586 after a single oral dose suggests that doses greater than 30 mg/kg would be required to have a significant impact on MAO-B activity. Similar extrapolation indicates that doses greater than 135 mg/kg would be required to affect the amine transporters. These results suggest that complete inhibition of SSAO can be attained with LJP 1586 at doses that do not affect a substantial crosssection of enzymes and receptors.
The pharmacodynamic effect of LJP 1586 was observed for longer periods of time than would be predicted from the serum half-life. The time to 50% recovery of inhibited SSAO activity in vivo was approximately 72 h. Such a protracted time to recovery of activity is consistent with low compound reversibility and/or with slow turnover of enzyme at the cell surface. The latter possibility is supported by the finding that an anti-human VAP-1 monoclonal antibody remained bound to human dermal vascular endothelium in vivo for at least 3 days after a single infusion (Vainio et al., 2005) .
The delayed recovery of SSAO activity after LJP 1586 administration compares favorably with the pharmacodynamic effects of antibodies that block other human leukocyte adhesion molecules in vivo, such as natalizumab, where single antibody doses are sufficient to saturate lymphocyte receptors for weeks after the initial dose (Miller et al., 2003) . Moreover, SSAO genedeleted animals are no more susceptible to lethal bacterial infections than wild-type animals, suggesting that a requirement for SSAO in protective inflammatory responses can be overcome during overwhelming conditions (Stolen et al., 2005) .
LJP 1586 inhibited leukocyte trafficking to air pouches to a comparable extent to that observed with anti-LFA-1 antibody, and the reduction of infiltrating granulocytes to the lung compared favorably with dexamethasone, which has known pleiotropic effects (Rhen and Cidlowski, 2005) . Movement of leukocytes to inflamed airways displays some differences to infiltration of other tissues. For example, exit from the vasculature takes place in capillaries rather than postcapillary venules, and thus, the requirement for rolling may be reduced. Furthermore, the process requires migration across vascular endothelium, interstitial tissue, and the airway epithelial layer, and the involvement of certain adhesion molecules in this process has been shown to be stimulusdependent (Reutershan and Ley, 2004 ). The pulmonary site at which SSAO might act during inflammation-induced transmigration is not known. Lungs have relatively high SSAO expression, where it has been detected on pulmonary vessels but not airway epithelia (Singh et al., 2003) ; however, in another study, expression on human alveolar pneumocytes has been reported previously (Andres et al., 2001) .
Our results demonstrating a requirement for SSAO activity in leukocyte trafficking to lungs are consistent with a previous report showing that overexpression of SSAO in rodent lung increased recruitment of cells to the airways, both in the unchallenged state and after LPS treatment, and this was reduced by an amine oxidase inhibitor (Yu et al., 2006) . In that study, the reduced airway infiltration was accompanied by a decrease in the BAL fluid concentration of macrophage inflammatory protein-1␣, tumor necrosis factor-␣, and interleukin-6. Our unpublished preliminary data suggest that the inhibition of lung SSAO by LJP 1586 is also accompanied by decreased cytokine and chemokine production, although whether this is due to an effect on cells in situ or is secondary to the reduction in infiltrating cells remains to be determined.
In addition to the effect of SSAO inhibition on granulocyte trafficking in the lung, the potential importance of blocking the production of reactive SSAO products at this site should be noted. In particular, methylamine is a major substrate for SSAO, and inhalation of this volatile amine leads to the localized production of formaldehyde, which has been shown to form protein adducts in the lung (Yu et al., 2006) . Thus, inhibition of lung SSAO may have benefits in acute and chronic pulmonary disease above and beyond its effects on leukocyte migration and possibly include a favorable effect on fibrosis secondary to local formaldehyde production.
As yet, it is not known whether SSAO plays a role in the preferential entry of leukocytes to a particular organ or tissue. Thus far, the collective animal data suggest that SSAO inhibition affects a variety of inflammatory diseases where leukocyte infiltration mediates tissue destruction, and the development of LJP 1586 as a safe and effective small molecule inhibitor of SSAO represents an important potential addition to the anti-inflammatory therapeutic repertoire.
